Loss of heterozygosity (LOH) studies indicate that genetic alterations of chromosome 9p occur in numerous tumor types, suggesting the presence of tumor suppressor genes (TSGs) on chromosome 9p critical in carcinogenesis. Our previous LOH analyses in primary lung tumors led us to propose that chromosome 9p harbors other TSGs important in lung tumorigenesis. In this study, 30 nonsmall-cell lung cancer and 12 small-cell lung cancer cell lines were screened with 55 markers to identify new regions of homozygous deletion (HD) on chromosome 9p. Three novel noncontiguous homozygously deleted regions were detected and ranged in size from 840 kb to 7.4 Mb. One gene identified in the deletion at D9S126, TUSC1 (tumor suppressor candidate 1), is an intronless gene. 
Introduction
Lung cancer is the leading cause of cancer-related mortality in the United States as well as a world-wide public health problem (Oh et al., 2002) . Chromosome 9p has been implicated in chromosomal inversions, translocations, loss of heterozygosity (LOH), and homozygous deletion (HD) in a variety of malignant cell lines including melanoma, non-small-cell lung carcinoma (NSCLC), breast cancer, leukemia, and hepatocellular carcinoma. These data suggest chromosome 9p contains a tumor suppressor locus (loci) that may be involved in the genesis of several tumor types (Cheng et al., 1993; Coleman et al., 1994; Holland et al., 1994; Kamb et al., 1994; An et al., 1996; Mead et al., 1997; Takeuchi et al., 1997; Wiest et al., 1997; Sheu et al., 1999; Pollock et al., 2001) . Two candidate tumor suppressor loci have been identified in the chromosome 9p21 region, one is p16/ CDKN2A (INK4A or MTS1) that encodes the p16 and p14 ARF proteins and the other one is p15/CDKN2B (INK4B or MTS2) that encodes the p15 protein (Serrano et al., 1993; Kamb et al., 1994; Quelle et al., 1995) . Since p16/CDKN2A is frequently inactivated genetically or epigenetically in cancer cells, the p16/ CDKN2A locus is suspected to be a major tumor suppressor gene (TSG) (Cairns et al., 1995; Merlo et al., 1995; Xiao et al., 1995; Castellano et al., 1997; Hamada et al., 1998; Hamada et al., 2000) .
Previous studies with squamous cell carcinoma of the lung in our laboratory identified a region of HD at the microsatellite marker D9S126, which is distinct from the p16/CDKN2A locus and lies approximately 4 Mb proximal to p16/CDKN2A (Wiest et al., 1997) . These findings suggested other regions of HD harboring additional TSG(s) important in lung tumorigenesis may be present on chromosome 9p. Other reports support this conclusion (Hamada et al., 2000) .
In the present study, we have screened 30 NSCLC and 12 small-cell lung carcinoma (SCLC) cell lines with 55 sequence-tagged sites (STS) or microsatellite markers. The markers, mapped both distal and proximal to the p16/CDKN2A locus, were used to search for unknown HDs and to define additional tumor suppressor loci on chromosome 9p.
Results

HD mapping of chromosome 9p
A novel homozygously deleted region at marker D9S126 in squamous cell carcinoma of the lung indicated the possibility of additional homozygously deleted loci on short arm of chromosome 9 (Wiest et al., 1997) . To identify potential lung cancer TSG(s) in these regions, we expanded our search for novel deletion region(s) within the DNA of 42 lung cancer cell lines using polymerase chain reaction (PCR) with primers for four genes located in or close to the p16/CDKN2 locus and 55 STSs or microsatellite markers (Figure 1a and b) . Deletions of the interferon-omega 1 (INF-1) and methylthioadenosine phosphorylase (MTAP) genes together with the deletion of p16/CDKN2A occurred in most cases (Figure 1a and b) . Two frequently deleted regions, one at the p16/CDKN2A locus in 13 NSCLC cell lines and the other one at D9S126, were identified. However, this HD was contiguous with the deletion of p16/CDKN2A in three NSCLC cell lines, NE-18, Nu 6-1, and H290 (Figure 1a and b) . In addition, three noncontiguous HDs distal to p16/CDKN2A, designated regions A-C (Figure 1b ), were detected in the two NSCLC variant cell lines, NE-18 and Nu 6-1. Cell lines H345 (SCLC) and H157 (NSCLC) showed minimal interstitial deletions at D9S171, and Sklu-1 showed interstitial deletion of D9S1994 (Figure 1a and b).
Moreover, these deletions were not contiguous with the deletion of CDKN2 locus. Representative agarose gels of HDs are shown (Figure 1a) . Based on the location of the STSs or microsatellite markers, the approximate sizes of three deletion regions are 7.4 Mb for region A defined by D9S286 and D9S235, 840 kb for region B defined by D9S1216 and D9S133, and 13 Mb for region C defined by D9S1089 and D9S2098 (Figure 1b) .
We performed quantitative real-time polymerase chain reaction (PCR) analysis with nine markers within or close to the novel deleted regions to further confirm the HDs detected in both NE-18 and Nu 6-1. The relative copy numbers for deleted or retained DNA markers in tumor and control DNA were listed in Table 1 , and the representative amplification plots clearly confirm our PCR results (Figure 2 ).
Sequence analyses of human TUSC1 (tumor suppressor candidate 1) and mouse Tusc1
Systematic characterization of genes located in a HD region in cancer cell lines was a potential approach for identifying TSGs important in tumorigenesis. Since the Two HDs clustered at p16/CDKN2A and D9S126 and three novel regions A-C were indicated. Approximate sequence positions of DNA markers in the database (http://www.ensembl.org/) were shown. NSCLC: non-small-cell lung carcinoma, SCLC: small-cell lung carcinoma. *DNA markers were only performed on samples of NE-18, Nu 6-1, and NHBE frequency of HD at the D9S126 locus is higher than the other three regions defined in this study and was also identified in our previous study of primary tumors, we initiated a molecular analysis identifying potential TSGs from this region (Figure 1b) . A 1 Mb BAC clone contig (data not shown) of chromosome 9p21 including the distal marker D9S265 and proximal marker D9S259 containing the marker D9S126 was derived from the database. These clones were used to identify genes located in this HD region (Wiest et al., 1997) . We first analysed the available genome sequences of this region and found three predicted exon sequences (data not shown) that were selected for further investigation. Database searching indicated that Loc169556 (NCBI) (Figure 3a) . A single fragment was amplified by PCR with TUSC1-S1 and TUSC1-L1 from the cDNA generated from the normal human bronchial/tracheal epithelial cell culture (NHBE) cell line. Sequence comparison of PCR products indicated that the amplicons were identical to the corresponding clones, I.M.A.G.E. 5169320 and I.M.A.G.E. 815591. These results suggest both clones belong to the same gene or gene family, which we refer to as TUSC1 from the HUGO Gene Nomenclature Committee (HGNC) and the TUSC1 locus codes for different transcripts generated by alternative polyadenylation signals. The composite cDNA sequence of I.M.A.G.E. 5169320 and I.M.A.G.E. 815591 as TUSC1-L (TUSC1 Long) ( Figure 3 ) and was deposited in GenBank (Accession no.: AY168647), while the sequence of I.M.A.G.E. 5169320 was referred to as TUSC1-S (TUSC1 Short). It should also be noted that TUSC1-L and TUSC1-S share the same open-reading frame (ORF) (Figure 3a ) of 627 nucleotides, encoding a 209 amino-acid polypeptide (Figure 3a) . No conserved protein domain(s) were found in the protein sequence. Further searching of the human genome indicated that the entire cDNA sequence was found in a single BAC 631  ccgaggccgcagccggtgagaggcggagcctcgagcgggcccctcctcctccgttcccagctacccccgacctcgcgcacgccctggccc  721  gctccctgcccgcggataccttggactacggtgccttcccgcccccaccagtggacacttccgggtggcgcttggccatccgcttggtgg  811  aggtcgagtgggtgcaagggccctcaggacctcccacatgtacagttcccctgcctcttgccccggctagtttccctggagagaggccta  901  gccaacaacgaagggacggattttaaaacagcgagaactgggtgccaagaaacacttcatattccctgaacttttctggatgttgtgcga  991  acctgttgtatttttttttttcctgtattttggttctgagggatgagtaatgtgtttttagttggttgagtttatccattcttcaatccc  1081  ctaaagccttcagctattctttcatatgtggccaacattttaagtacagtgtttgcttttataagtcggtgttacttggatgtcctataa  1171  aatacccactttttataaagatgatatttataacctaggaactcatgcctgtcttggctgcagtccctgtacatctaatatatactgatt  1261  tgtttgcccccagagaatttttaaggtatctgcctatatcgtgatcttttgaaatggtaaataaatctggtgcattaaaaattatctgaa  AAAAAA  1351  aggttgcggcgagtattatttgaagtgtgttacatttttatatttttaaaaagatacctttatgaatatactaatttaaatctggtttta  1441  gttgtccttagtaaactatcatgttcttttagcttcatgtaacagtgatcttttaaaataatctaaagattaggtagtctaaaagttatt  1531  ttaatctttaatgttcaattagcttaattagtacgtagataatttgccttattttgactaaggacttttaagaaattataaattacttgt  1621  atatcaaaagttcccctaacaaagtaatttaagtctcagttgttatttcaatggcacaaaaaagtgactagtttagcaataaatgtccta  1711  aaattacttttattgcgcttcgttaataacacttttgccaactaagtaatgaagaggataccattgtgcctgataaaaaaatcataggtc  1801  caagagtgtttcaatgatggaaaacatttcaggggaaaaaatcatgaatagaattgtcaagggaataaaatatactagttatggcatagt  1891 ccaaaagtattaaatattatatattacaaaacaaaaaaaaa Homozygous deletion and tumor suppressor genes on chromosome 9p Z Shan et al clone, RP11-536F2, which neighbors the BAC clone RP11-33G16 containing D9S126. In addition, the cDNA sequence was contiguous with the genomic sequence, suggesting that TUSC1 was intronless and located in the HD at D9S126.
We performed database searches for the mouse homologue using the sequence of TUSC1-L to substantiate the existence of the human gene. Two mouse I.M.A.G.E. clones, 3495226 and 5033231, were identified and sequenced. Sequence analysis showed that I.M.A.G.E. clone 3495226 contains 1157 bps with a putative ORF and a consensus AATAA polyadenylation signal 12 bps upstream of the poly-A þ tail in the 3-UTR, but without an initiation codon (ATG). (Figure 3b ). Less similarity was found between nucleotide sequences in the UTRs (data not shown). The entire cDNA sequence was found in the sequence of a single BAC clone, RP23-139B14, on mouse chromosome 4. As with the human homologue, the cDNA sequences were contiguous with the genomic sequence. The mouse homologue of TUSC1 was referred to as Tusc1 by the Mouse Genomic Nomenclature Committee (MGNC) and was deposited in GenBank (Accession no.: AY546089).
Deletion of TUSC1 in tumor DNA
Amplification of TUSC1-L was performed with genomic DNA to study the frequency of deletion in tumor cell lines. Three NSCLC cell lines (Nu 6-1, NE-18, and H290) showed HD of TUSC1-L (Figure 1a) , while it was retained in the remaining cell lines. Furthermore, multiplex PCR with primer pairs of either TUSC1-L or TUSC1-S and the microsatellite marker D9S1089 (Figure 1b) was performed with the DNA from cell lines with or without TUSC1 deletions. The marker D9S1089 amplified its fragment in all DNAs; however, there were no amplified fragments of either TUSC1-L or TUSC1-S in these three cell lines (Figure 4a ). The deletions were further confirmed by Southern blot using a probe of I.M.A.G.E. 5169320 spanning both TUSC1-L and TUSC1-S (Figure 4b) . A 5 kb EcoRI fragment was detected in the cell lines without HD of TUSC1, but it was not detected in the cell lines NE-18, Nu 6-1, and H290. However, an 8 kb fragment was detected in all genomic DNA, but this signal is much weaker than that of TUSC1.
Expression of TUSC1 and Tusc1 in tissue and tumor cells
We performed Northern blot analysis with a full-length TUSC1 probe generated from clone of TUSC1-S (I.M.A.G.E. 5169320) and Tusc1 probe (I.M.A.G.E. clone 3495226) to investigate the expression pattern of TUSC1 in human and mouse adult tissues. In human tissues, Northern blot analysis revealed two major mRNA species in the majority of the tissues of approximately 2.0 and 1.5 kb. However, an additional 1.1 kb mRNA species was detected only in the testis (Figure 5a ). The 2.0 kb transcript was very weak in muscle tissue, whereas the 1.5 kb transcript signals were weak in the colon, lung, and spleen tissues. All three bands of TUSC1 appeared to be stronger in the testis than in other tissues. The TUSC1-S cDNA sequence (I.M.A.G.E. 5169320) corresponds to the 1.5 kb transcript, and TUSC1-L corresponds to the 2.0 kb transcript, indicating that we have deduced two full-length cDNAs from the TUSC1 locus (Figure 3a) . However, the exact source of the 1.1 kb transcript remains to be determined. A very similar expression pattern was revealed by Northern blot (Figure 5b ) in mouse tissues. Two mRNA species of 2.0 and 1.5 kb with similar intensities to human tissues were detected in the majority of the tissues. Again, the intensity of the band of 1.5 kb in the testis was the strongest among signals detected the tissues (Figure 5b ). As a control for RNA loading, the expected signals and intensities for b-actin or a-actin were detected in all human and mouse tissues (Figure 5a and b) .
To investigate the expression profile of TUSC1 transcripts in the tumor cell lines, we performed reverse transcriptase (RT)-PCR with specific primers for either TUSC1-L or TUSC1-S ( Figure 5c ). As expected, transcripts of TUSC1-L and TUSC1-S were not detected in the three NSCLC cell lines with HD (Nu 6-1, NE-18, H290; Figure 5c ). Interestingly, primers specific to the 3 0 -end of TUSC1-L failed to amplify in the NSCLC cell line H460 (Figure 5c ). Three cell lines Homozygous deletion and tumor suppressor genes on chromosome 9p Z Shan et al (H358, SHP77, and H28) showed some degree of reduced product intensities compared to the other cell lines. In addition, amplification of p16/CDKN2A was performed with the same cDNA samples and expression of p16/CDKN2A was absent in 12 cell lines, including the cell lines H358, SHP77, and H28 ( Figure 5c ). As a positive control, a human b-actin product was amplified from all the samples (Figure 5c ).
Discussion
LOH studies show that genetic alterations of chromosome 9p occur in a variety of tumor types including lung cancer, suggesting the presence of TSGs critical in the development of human cancers. Localization of HDs in tumor DNA is an important strategy to identify potential TSGs. A detailed deletion mapping study with 55 integrated STSs, microsatellite markers, and four known genes located on chromosome 9p21-24 in human lung cancer cell lines led to the identification of five regions of HDs. Of these deletions, two frequently deleted regions are clustered at the TSG p16/CDKN2A locus and the previously identified deletion at the D9S126 locus. These findings are consistent with previous reports that the p16/CDKN2A locus is a primary target for deletion in 9p. Nevertheless, additional deletions and TSGs appear to exist on chromosome 9p (Wiest et al., 1997) . Interestingly, three independent novel HDs, distal to, but not contiguous with, the deletion of p16/CDKN2A, were identified in two NSCLC cell lines, NE-18 and Nu 6-1. Since the STSs and microsatellite markers used in this study are all available in the genome sequence database, these findings will provide a convenient method to analyse the genes and genome for the deleted regions described in this report. Results will be necessary and helpful to understand the involvement of HD in human carcinogenesis and how the genome rearranged chromosome 9p in the cell lines bearing the HDs. As reported previously, both NE-18 and Nu 6-1 were clones of the human squamous lung carcinoma tumor RG-SLC-L11 (Stranahan et al., 1996) . Therefore, it is not surprising to see the identical deletion patterns revealed by PCR, quantitative real-time PCR and Southern blot in these two cell lines. However, the mechanisms for the HDs in these cell lines remain to be explored. It will be useful to screen additional cell lines and primary tumors to determine if these novel deletions occur frequently. In addition, molecular cytogenetic studies such as SKY and FISH with probes from deleted regions in both cell lines may provide a clue to the cause of the chromosomal rearrangements.
The region containing D9S126 is frequently reported to be affected by HD or LOH in human cancers, for example, breast cancer, squamous cell lung cancer, melanoma, hepatocellular, suggesting that the region may contain potential TSGs. One intronless gene (TUSC1) in this region and its mouse homologue (Tusc1) were characterized in detail in this report. Two major TUSC1 transcripts, TUSC1-L and TUC1-S, were detected in a wide range of adult tissues by Northern blot analysis, indicating a ubiquitous gene expression pattern even though their expression levels differed (Figure 5a ). Similar expression patterns for Tusc1 were also revealed in mouse tissues (Figure 5b ). In addition, one transcript of approximately 1.1 kb was only present in human testis, and the corresponding cDNA remains to be elucidated. HD of TUSC1 in genomic DNA from the cell lines Nu 6-1, NE-18, and H290 were clearly demonstrated by multiplex PCR and in Southern blots (Figure 4a and b) . However, further studies are required RT-PCR for p16/CDKN2A and TUSC1 with cDNA from the lung tumor cell lines indicated the absence of p16/CDKN2A and TUSC1 transcripts in the cell lines with HD. It should be noted that cell line H460 lacks the expression of TUSC1 without harboring a HD. In addition, three cell lines with reduced expression of TUSC1 do not harbor an HD of the TUSC1 locus. Therefore, expression inactivation may be caused by other mechanisms, such as hypermethylation of the CpG island in the promoter region (Jones and Laird, 1999; Baylin et al., 1998; Baylin and Herman, 2000; Jones and Baylin, 2002) . Finally, expression levels of TUSC1-L are reduced in two cell lines, H358 and SHP77, without apparent changes in p16/CDKN2A expression levels, suggesting that expression from these two loci are not coordinated.
Taken together, we provided strong evidence for other regions of HD on chromosome 9p in addition to the p16/CDKN2A locus in human lung cancer cells. These regions are likely to harbor potential TSGs important for the development of lung carcinogenesis. TUSC1, a novel intronless gene, was not expressed or showed reduced expression in a subset of lung cancer cells, and these findings suggest that TUSC1 may play a role as a tumor suppressor in lung tumorigenesis. Further functional and biological studies are expected to confirm if TUSC1 is a TSG and enable us to better understand the molecular mechanism of human lung cancer progression.
Materials and methods
Cell culture, RNA, and DNA extraction
The 30 NSCLC and 12 SCLC cell lines were grown in RPMI 1640 (BD Biosciences Clontech, Palo Alto, CA, USA) supplemented with 10% fetal bovine serum and 1% L-glutamine. The NSCLC cell lines were 866MT, A-2182, A-427 A549, EKVX, H125, H157, H28, H290, H322, H358, H441, H460, HOP 62, HOP 92 , LXFL 529, NCI-H23, NCI-H226, NCI-H292, NCI-H522, NCI-H1155, Sklu-1, SKMES-1, SW900, and two cell clones, NE-18 and Nu 6-1, derived from a human squamous lung carcinoma tumor RG-SLC-L11 (Stranahan et al., 1996) . NE-18 was reported as a benign variant of Nu 6-1. The SCLC cell lines were DMS-92, DMS-114, H345, H740, H792, N417, NCI-H82, NCI-H146, NCI-H446, NCI-H526, NCI-N417, and SHP77. An NHBE was obtained and maintained following the supplier's instructions (BioWhittaker, Walkersville, MD, USA).
Total RNA was isolated using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) following the supplier's protocol. Extraction of DNA was performed according to a previously described protocol (Laird et al., 1991) .
HD mapping by PCR screening and quantitative real-time PCR analysis
All STS and microsatellite markers used were listed in , were also used for HD analyses. Primers were purchased from Research Genetics (www.resgen.com) or Operon (www.operon.com). Amplification for all the markers was carried out in a 10 ml reaction mixture containing 20 ng of genomic DNA, 7.5 pmol of each primer, 2 mM of each dNTP, 1.5 mM MgCl 2 , and 0.25 U of Taq polymerase (Promega, Madison, WI, USA). Amplifications were performed at cycling conditions of 45 s at 951C, 45 s at 571C, and 60 s at 721C for 30 cycles; the first denaturing cycle was carried out for 2 min at 951C and the final extension was for 7 min at 721C. Amplification for gene specific primers were 50 s at 941C, 40 s at 581C-601C, and 50 s at 721C for 30 cycles; the first denaturing cycle was carried out for 3 min at 941C and the final extension for 3 min at 721C. All products were separated on 2-3% agarose gels and visualized by ethidium bromide staining for analysis.
Novel HDs in the two variant cell lines, NE-18 and Nu 6-1, defined by PCR were confirmed by quantitative real-time PCR analysis on the ABI Prism 7900 Sequence Detection System (PE Applied Biosystems, Foster City, CA, USA) following SYBR Green 1 Assay Protocol provided by the supplier. The glyceraldehyde-3-phosphate dehydrogenase primer set (Mu-GAPDH, Applied Biosystems) was used as the reference control for normalization. DNA of an NHBE was used as a normal control, whereas deionized water was used as a negative control. These reactions were performed in the Gene Expression Laboratory (NCI-Frederick, MD, USA). Each sample was run in duplicate in separate wells for microsatellite and MuGAPDH. Amplification conditions were 951C for 15 min, followed by 40 cycles of 951C for 15 s and 601C for 1 min. The threshold cycles (C T ) were recorded for all samples for both the microsatellite and the reference. The DC T value for each microsatellite was determined by subtracting the mean C T of MuGAPDH from the mean C T of the microsatellite. The DC T from DNA of lung cancer cell lines, NE-18 and Nu 6-1, was subsequently compared with the DC T from the cell line NHBE. Relative copy number was derived by the method outlined in ABI User Bulletin 2 with the formulas:
Relative copy number ¼ 2
DDCT
Isolation of human TUSC1 and mouse Tusc1
Online databases (NCBI, Ensembl Genome Data Resources, the UCSC Genome Browser: http://genome.cse.ucsc.edu/) and the computer program GENESCAN (http://genes.mit.edu/ GENSCAN.html) were used for analysing the known/unknown gene(s) or exon sequences within HDs at D9S126 (Wiest et al., 1997 32 P]dCTP (Amersham, Piscataway, NJ, USA) using Ready-To-Got DNA Labeling Beads (Amersham, Piscataway, NJ, USA). Both RNA and DNA blots were hybridized at 631C and analysed according a previously described protocol (Shan et al., 2003) . The blots were stripped and rehybridized to a b-actin probe under the same conditions for sample loading controls.
RT-PCR
For RT-PCR, 2 mg of total RNA were reverse transcribed using oligo-(dT) 12À18 primer and the SuperScript II Kit (Invitrogen, Carlsbad, CA, USA). Genomic DNA contamination was excluded by both DNaseI digestion of the RNA sample prior to first-strand synthesis and omission of reverse transcriptase in the reaction mixture. Amplification of the control RNA without reverse transcription did not generate any products (data not shown). Aliquots (1 ml) of the firststrand reactions were used in 25 ml amplifications with primer pairs of either TUSC1-L or TUSC1-S, described above. Since both TUSC1-L and TUSC1-S do not contain introns, the primers were also used for amplifications from genomic DNA. In addition, one sense primer, TUSC1-S1 (5 0 -CATG-TACAGTTCCCCTGCCTCTT-3 0 ), was used with an antisense primer, TUSC1-L1 (5 0 -TTCCCCTGAAATGTTTTC CA-3 0 ), to amplify the fragment for sequence analysis of cDNA from the NHBE cell line. Amplification conditions were 50 s at 941C, 40 s at 601C, and 50 s at 721C for 30 cycles; the first denaturation cycle was for 3 min at 941C and the final extension for 3 min at 721C. As a positive control, human b-actin primers were amplified from all RNA samples tested. In addition, two primers of p16/CDKN2A (sense: 5 0 -GCACCAGAGGCAGTAACCAT-3 0 ; antisense: 5 0 -CATTTACGGTAGTGGGGGAA-3 0 ) were used for RT-PCR to analyse the expression of p16/CDKN2A in the same cell lines. A measure of 15 ml of each reaction was resolved on a 2% agarose gel and visualized by ethidium bromide staining.
